Abstract So far, substantial attentions have been attracted to the application of mesenchymal stem or stromal cells (MSCs) in different therapeutic approaches. Although human bone marrow is commonly considered as a major source for MSCs, having an invasive collection method, ethical consideration and donor availability create a challenge for scientists, leading them to explore better alternative sources for MSCs. The study presented here aimed to characterize and compare osteogenic capacity of MSCs obtained from the amnion membrane (AM) with those originated from BM. Cells isolated from AMs and BMs were cultured in DMEM-low glucose supplemented with FBS, penicillin and streptomycin. After 24 h of incubation, cells adhered to the plastic surface of the flasks were allowed to proliferate for more days. A sub-confluent culture of cells was trypsinized and recultured. The MSCs were characterized by the expression of specific markers with flow cytometry. The osteogenic differentiation of MSCs was also validated by alkaline phosphatase and alizarian red S staining. Our results showed comparable expression of MSCs specific markers for both MSC sources (AM and BM). We also showed the optimum osteogenic differentiation of MSCs from both sources whereas hAM-MSCs revealed higher proliferation rate. We found no essential immunophenotypic differences between MSCs originated from bone marrow and amnion membrane while their differentiations into osteoblastic linage were also comparable. This was in addition to the higher proliferation rate observed for hAM-MSCs which suggests hAM as an easily accessible and reliable source of MSCs applicable for bone engineering, regenerative medicine or other therapeutic approaches.
Introduction
As multipotent progenitors, mesenchymal stem or stromal cells (MSCs) are considered to be a promising source for tissue engineering application and cell therapy.
Whilst MSCs were first identified as a part of bone marrow (BM) stromal scaffolds, so far, these cells have been also isolated from various other tissues including adipose (Zannettino et al. 2008) , heart (Hoogduijn et al. 2007 ), Wharton's jelly (Kuo Ching Chao 2008) , dental pulp (Jo et al. 2007) , peripheral blood (He et al. 2007) , cord blood (Oh et al. 2008) , menstrual blood (Du et al. 2016; Ren et al. 2016 ) and more recently, amnion membrane as well as chorionic villi ). This suggests multipotential capacities of MSCs in tissue regeneration, maintenance and repair. In addition, under the specific condition in vitro, MSCs can differentiate into different mesenchymal tissues including osteoblast, adipocyte, chondrocyte and myoblast (Herzog et al. 2003; Madrigal et al. 2014 ). MSCs capacity for extensive self-renewal and their multilineage differentiation potential also introduced them as multipotent precursors (Pittenger et al. 1999) in different therapeutic approaches (Barry 2003; Ochsenbein-Kolble et al. 2003; Caplan 2009; Sensebe and Bourin 2009; Honmou et al. 2012; Li et al. 2013; Wang et al. 2016) , including tissue engineering and regenerative medicine (Tae et al. 2006; Caplan 2007; Mobasheri et al. 2009 ), injury and wound healing (Jackson et al. 2012; Nuschke 2014) , stem cell transplantation (Bernardo and Locatelli 2016; Zhao and Liu 2016) and cell therapy (Wei et al. 2013; Ding et al. 2015) or engraftment of various organs (Wei et al. 2013) .
Bone marrow is considered as a major source for MSCs. Most of the stromal cells presented in the BM are generated by MSCs, which are comprised a part of the hematopoietic stem cell niche (Pontikoglou et al. 2011; Fajardo-Orduna 2015) . These cells express a variety of adhesive molecules, receptors and soluble growth factors which are critically involved in hematopoietic cell interactions and support hematopoiesis (Verfaillie 1998; Deans and Moseley 2000; Fujita et al. 2008; Miura 2013) . Several studies have shown that expanded mesenchymal stromal cells can effectively support hematopoietic cell proliferation by the expression and release of different important growth factors including IL-12, IL-11, IL-6, IL-8, SCF, M-CSF, IL-14, LIF, IL-1, IL-1b and Flt-3-ligand (Deans and Moseley 2000) . Therefore, due to the MSCs' capacity to support hematopoiesis, these cells have been considered as an efficient stromal layer for the expansion of hematopoietic stem cells or their progenitors (Celebi et al. 2011; Walenda et al. 2011; Klein et al. 2013; Schmal et al. 2016) , which are applicable for therapeutic purposes in leukemia patients.
Morphologically, MSCs are characterized as spindle-shaped fibroblastoid cells with few long and thin protrusions around the cell body which restrains a large and round nucleus with a prominent nucleolus (Ogura et al. 2004) . MSCs are typically characterized by the expression of the surface markers CD90, CD105, CD73 in the absence of CD14, CD34, CD45 and HLA-DR (Conrad et al. 2008; Madrigal et al. 2014) . Osteogenic capacity of MSCs (their differentiation into osteoblasts) is usually utilized to characterize these stromal cells (Fajardo-Orduna et al. 2016) . Osteoblasts are responsible in bone formation and its remodeling process which establish skeletal architecture by the production of extracellular matrix proteins and regulators of matrix mineralization (Neve et al. 2011) . Thus, producing alkaline phosphatase and/or osteocalcin in cells can confirm successful differentiation of MSCs into osteoblasts in any experimental setting (Deans and Moseley 2000) . MSCs' differentiation into osteoblasts provides appropriate seed cells for bone tissue engineering or therapeutic approaches. In addition, human osteoblasts release the spectrum of hematopoietic growth-promoting cytokines which may play roles in hematopoiesis (Jung et al. 2005; Shiozawa et al. 2008) . These are findings that suggest osteoblasts derived from MSCs as a stromal feeder layer to support the expansion of hematopoietic precursors (Huang et al. 2006; Chen et al. 2008; de Barros et al. 2010) .
Although BM is considered as a major source of stromal cells, the isolation of MSCs from bone marrow could be hampered by its accessibility which is usually complicated further with ethical considerations. Having an invasive collection method, access to consented healthy volunteers, lower number of MSCs obtained from aged donors as wells as the painful procedure of its collection are some important limitations. In addition, MSCs separation from this source is somewhat complicated by the cellular heterogenecity and growth of contaminating hematopoietic precursors (Hung et al. 2002; Ramakrishnan et al. 2013) .
To rule out these issues, the isolation of MSCs from more accessible sources could be addressed as suitable alternatives, provided that MSCs originated from these sources show comparable efficacy and quality. Several studies suggested neonatal tissues including cord blood, Wharton's jelly or placenta as appropriate alternative supplies for MSCs. Although the isolation of MSCs from these sources is technically complicated, since they are routinely discarded postpartum, these sources can be widely applicable for extensive research without being ethically objectionable.
Amnion membrane can be also considered as another source from which the MSCs isolation is technically more achievable. That is a thin layer which is easily peeled from the placenta and has less tissue involvement. Therefore, its digestion process is more cost-effective and much easier than solid tissues like cord blood or placenta. The study presented here investigates whether the expansion of human amnion membrane (hAM)-MSCs and its differentiation capacity to osteoblasts can be comparable to those of hBMMSCs. If so, hAM-MSCs per se can also be considered as an appropriate source for bone tissue engineering or other therapeutic approaches.
Methods and materials

Chemicals and reagents
Mouse IgG1 Isotype control antibodies (PE and FITC conjugated) were obtained from Miltenyi Biotec (Bergisch Gladbach, Germany). Mouse anti-human CD90, CD44, CD45 and CD14 (FITC conjugated) as well as CD29, CD73, CD105, CD166 and CD34 (PE conjugated) monoclonal antibodies were purchased from BD Bioscience (Franklin Lakes, NJ, USA). Low glucose Dulbecco's modified Eagle medium (DMEM), Tyrpsin-EDTA, collagen, collagenase type IV, SIGMA FAST BCIP/NBT substrate and trypan blue were from Sigma (ST. Louis, MO, USA). We also purchased fetal bovine serum (FBS), penicillin and streptomycin antibiotics from Thermo Fisher (Waltham, MA, USA), osteogenic differentiation medium (NH OsteoDiff medium from Miltenyi Biotec (Auburn, CA, USA), alizarian red S from Fluka; Chemicon (Temecula, CA, USA) and MTT from Atocel Co. (Trahütten, Graz, Austria).
MSCs isolation and culture
In this experimental study, MSCs originated from hBMs and hAMs were investigated. The BMs were obtained from normal donors and the term placentas were obtained after caesarean section from healthy women. All samples were collected after informed consent. The AMs were prepared as previously described (Ahmadi et al. 2015) . Briefly, AMs were mechanically peeled from the placenta and washed with phosphate buffer solution (PBS) three times. The AMs were then cut into small pieces and incubated with collagenase type IV solution (1 mg/mL) for 4 h at 37°C, in the presence of 5% CO 2 . The solution was then filtrated through a 70 lm cell strainer to remove any undigested fragments. The passed cells after washing with PBS were resuspended in low glucose-DMEM medium (supplemented with 10% FBS, 100 IU/mL penicillin and 100 lg/mL streptomycin) and placed in a T75 cell culture flask. After 24 h of incubation at 37°C in a humidified atmosphere with 5% CO 2 , non-adherent cells and the small digested residues were removed through washing with PBS while adherent cells were allowed to proliferate for more days. The medium was replaced two to three times a week. When adherent cells reached 90% confluence, they were detached by treatment with 0.25% Tyrpsin-EDTA for 2-5 min at 37°C, washed and transferred into other flasks for further culturing.
Proliferation assay
To evaluate viability and proliferation rate of MSCs, different experiments including trypan blue exclusion and MTT assay, in addition to the evaluation of growth curve and doubling time of the cultured cells were applied. The detailed description of these techniques is available in the supplementary methods.
Flow cytometric analyses of MSCs surface antigens
To characterize the expression of specific surface antigens on BM-MSCs by flow cytometry, mouse antihuman monoclonal antibodies against CD29, CD73, CD166 and CD105 [all conjugated with phycoerythrin (PE)], as well as against CD14, CD34, CD44, CD45 and CD90 [all conjugated with fluorescein isothiocyanate (FITC)], were applied to the third passage of these cells. In addition, isotype matched mouse mAbs conjugated with FITC and PE were used as negative controls to determine background staining. Sample acquisition was performed by a Partec PAS III flow cytometer (Partec GmbH, Münster, Germany) and flow cytometric data were then analyzed using FlowJo software (FlowJo Tree Star, Inc., Ashland, OR, USA).
In vitro osteogenic differentiation
The osteoblasts were differentiated from MSCs as previously described (Hosseini et al. 2017) . Briefly, to accelerate the osteogenesis process, the suspension of 6 9 10 4 MSCs in a low glucose-DMEM medium (supplemented with 10% FBS) was placed in a collagen (12 lg/mL) coated 24-well cell culture plate. When the cells reached 100% confluence, they were washed, detached, and resuspended in an osteogenic differentiation medium while the medium was halfchanged every 72 h. The suspension of MSCs in low glucose-DMEM medium (supplemented with 10% FBS) was also applied as a negative control.
Alkaline phosphatase (ALP) activity
Osteoblasts express high level of ALP enzyme involved in the mineralization of bone matrix. To assess the existence of this enzyme, we used ALP staining which shows the earliest differentiation time. In the case of being positive, the cytoplasm is seen dark-purple. For this purpose, after 3, 5, 7 and 10 days of cultivation, the cells were washed with PBS and fixed with cold methanol. The cells were then covered with SIGMA FAST BCIP/NBT substrate and finally visualized by an inverted microscope. The substrate stains cells dark purple when ALP is present. Furthermore, the ALP activity of detached cells on day 10 of osteogenic induction was examined with substrate (p-nitrophenylphosphate) in a colorimetric assay and the optical density was read at 400 nm.
Mineralized matrix formation
The differentiation of MSCs into osteoblasts is associated with mineralization leading to the deposition of calcium in cytoplasm. These alternations are usually assessed by alizarin red S staining. In the case of being positive for alizarin red S, the osteoblast cytoplasm is orange-red whereas MSCs as the negative control are not stained with this dye. To perform this staining, the osteoblasts were fixed with cold ethanol (70%) and after washing with PBS 2 times, the cells were covered with alizarin red S solution that specifically stains calcium deposits in orange-red.
Statistical analysis
All results are expressed as mean ± SD. MannWhitney U test was used to determine statistical difference between MSCs originated from hAMs and hBMs in the expression of specific surface antigens and hematopoietic markers. Data were analyzed by Graphpad Prism, version 6.07 (Graphpad Software Inc., San Diego, CA, USA). P values \ 0.05 were considered as statistically significant.
Results
Morphology of MSCs
As a general characteristic property of MSCs, hAMMSCs showed plastic adherence which was comparable to hBM-MSCs. The third passage of the hAMMSCs and hBM-MSCs was frozen immediately in liquid nitrogen. The viability of post-thawing AMMSCs and BM-MSCs was 80 ± 6.1 and 85 ± 8% (n = 5), respectively. Furthermore, the thawed hAMMSCs illustrated morphological characteristics indistinguishable from the thawed hBM-MSCs.
Proliferation study Figure 1A illustrates the increase in the number of viable adherent cells, measured by sorting of trypan blue negative cells, as curve growth. As shown in Fig. 1B , during the log phase of growth, proliferation of hBM-MSCs and hAM-MSCs expressed as doubling time, was 49 ± 6.3 and 35 ± 9 h at passage 3 and 56 ± 14 and 33 ± 11 h at passage 5, respectively. There was no significant difference in the doubling times of MSC passages 3 and 5 of the log-phase of growth. However, we found a significantly (P \ 0.05) lower doubling time of hAM-MSCs compared to hBM-MSCs, which refers to higher proliferation rate.
Immunophenotyping of hMSCs
To assess the expression of specific and hematopoietic markers, the passages 3 of the MSCs originated from either hBMs or hAMs were subjected to flow cytometric analysis, as described in Materials and Methods. As shown in Table 1 , MSCs originated from both amnion membrane and bone marrow were characterized by their expression of adhesion molecules and hematopoietic regulator receptors. According to the results, MSCs strongly expressed specific surface antigens of CD90, CD44, CD166, CD105, CD29 and CD73; whereas they did not express hematopoietic markers including CD45, CD14 and CD34. Figure 2A and Table 2 compare the expression of the aforementioned markers on hAM-MSCs and hBM-MSCs. In addition, Fig. 2B shows the representative histograms of flow cytometric analysis of hAMMSCs at passage 3.
Characterization of differentiation of MSCs into osteoblast cells
In the first 3-5 days after adding osteogenic induction medium to MSCs, the appearance of differentiated cells was changed from long spindles to a cuboidal morphology. Furthermore, the assessment of the expression of ALP and cytoplasmic deposition of calcium in osteoblasts on days 3, 5, 7 and 10 of cultivation showed that the first positive results for the cells derived from both sources of hBM-MSCs and hAM-MSCs were obtained on day 5 of culture. As shown in Fig. 3A -D, hAM-MSCs differentiated to osteoblasts were positive for the expression of ALP and also for calcium deposits whereas undifferentiated hAM-MSCs (as a control group) were negative for both stainings. Moreover, Fig. 3E shows significantly higher ALP activity of osteogenic induced MSCs (osteoblasts) on day 10 of cultivation compared to non-induced MSCs. These results confirmed the differentiation of MSCs into osteoblasts. As shown in this figure, there was no significant difference between osteoblasts differentiated from human amnion membrane and bone marrow in terms of ALP activity.
Discussion
For decades, BM has been recognized as a most reliable source of MSCs applicable for cell therapy, regenerative medicine and different therapeutics or research-based studies. However, the use of this source of MSCs is usually hampered by several disadvantages mainly including in invasive procedures of BM collection, sample heterogenecity, suitable volunteers availability for BM donation and Table 2 The mean expression of specific and hematopoietic markers on MSCs derived from either hAMs or hBMs (n = 5) Sources/markers Adhesion molecules Integrin  Additional markers   CD166  CD44  CD29  CD90  CD105  CD73  CD14  CD34  CD45 hAM-MSCs 82 ± 7.8 87 ± 7.9 89 ± 9.3 91 ± 6 80 ± 9 92 ± 7.3 1.3 ± 0.58 0.75 ± 0.53 1.8 ± 1.1 hBM-MSCs 91 ± 7.4 94 ± 3.9 92 ± 6.9 81 ± 13 88 ± 8.6 88 ± 6.5 2 ± 0.82 1 1.1 ± 0.42 1 3 ± 1.5
hAM human amnion membrane, hBM human bone marrow, MSCs mesenchymal stem or stromal cells Fig. 3 Detection of osteogenic differentiation of MSCs. The osteoblasts differentiated from the representative hAM-MSCs on day 5 of induction, were stained bright orange-red using alizarin red S due to deposition of calcium (A). Using BCIP/ NBT substrate, osteoblasts were also stained positive for ALP (dark purple) (B). As negative controls, undifferentiated hAMMSCs are colorless, that shows no calcium deposits (C), negative ALP activity in these cells (D). Images were taken with an inverted microscope at 409. E Compares the ALP activity of osteogenic induced MSCs on day 10 of cultivation compared to non-induced MSCs. ALP alkaline phosphatase, hAM human amnion membrane, hBM human bone marrow, MSCs mesenchymal stem or stromal cells. *p \ 0.05 shows statistical difference between the ALP activity of osteogenic induced MSCs and non-induced MSCs as well as not significant (ns) displays no statistical difference between the ALP activity of osteogenic induced MSCs (osteoblasts) obtained from hBMs and hAMs. Scale bar = 100 lm Cytotechnology (2018) 70:729-739 735 ethical issues. Therefore, given the fact that MSCs is also technically obtainable from other sources, scientists focused to find more appropriate alternative sources of MSCs. As a highly abundant and readily available tissue, hAM is considered to be a suitable source of MSCs with the advantages of fewer ethical issues, low immunogenicity and anti-inflammatory properties.
In the present study, in order to find an appropriate alternative source for MSCs rather than BM, we first introduced a valid method of MSCs isolation from hAMs. We characterized isolated cells as MSCs and then compared their specific immunophenotypic criteria with those of MSCs obtained from BMs. To further evaluate MSCs characteristics, we tried to expand and differentiate hAM-MSCs into osteoblasts. We also compared hAM-MSCs osteogenic capacity with those of hBM-MSCs. While we showed comparable immunophenotypic criteria for MSCs originated from these two sources, we also showed that their osteogenic capacity were comparable.
In our study, hBM-originated MSCs were characterized by strong expression of CD90, CD44, CD166, CD105, CD29 and CD73. Several studies also used this immunophenotypic profile as specific surface antigens that represent MSCs. Our MSCs also did not express hematopoietic markers of CD45, CD14 and CD34 as already shown in other studies (Kilic et al. 2007; Mafi et al. 2011; Shen et al. 2012) . Expanded hBM-MSCs were also successfully differentiated into the osteoblasts. We showed ALP activity of the cells from 5 days after expansion. Osteoblasts express high level of alkaline phosphatase enzyme involved in the mineralization of bone matrix. Osteogenic capacity of these cells was also confirmed by alizarin red S, which stains cytoplasmic calcium deposits due to mineralization. Our data are comparable with other studies that showed similar osteogenic capacity for MSCs originated from BM (Post et al. 2008; Wang et al. 2015) . After successful preparation and characterization of our BM-originated MSCs, we tried to isolate MSCs from amnion membrane. We then evaluated their characteristics by using the aforementioned immunophenotyping and osteogenic capacities. So far, several groups who also isolated MSCs from amnion membrane characterized their cells by the evident expression of the mesenchymal markers including CD73, CD90, CD105, CD10, CD13, CD29, CD44, CD49c, CD49d, CD49e, CD54, CD140b, CD166, CD349, STRO-1 and HLA-ABC (Lindenmair et al. 2012) .
There are some studies that also confirmed differentiation capacities of hMSCs. Similar to our study, Shu et al. evaluated the induced differentiation of hAM-MSCs into osteoblasts. After 15 days of culture of the cells in osteogenic medium, they showed ALP, osteocalcin and osteopontin expression as well as secretion of type I collagen (Shu et al. 2011) . However, in our study the significant expression of ALP was detected from day 5 of culturing and the alizarin red S staining also became positive from day 5. ALP staining was continued by day 10, when the cells started to be differentiated into osteocytes exhibiting obvious mineralized nodules.
We also evaluated the post-thawing viability of hAM-MSCs, which was around 80 ± 6.1% while these cells appropriately kept their ostegenic capacities as already mentioned. In a similar study Moon et al. also found post-thawing viability of 84.3 ± 3.2% for amnion-derived MSCs which maintained their ability to differentiate into osteoblasts, adipocytes and chondrocytes under appropriate culture conditions using von Kossa, oil red O and alcian blue staining, respectively (Moon et al. 2008) .
We also showed the higher rate of proliferation for hAM-MSCs than that of hBM. This finding suggests shorter culturing time for hAM-MSCs to obtain sufficient population of MSCs applicable for therapeutical approaches. Our data are similar to a study that showed higher growth rate of umbilical cord blood-MSCs compared to adult BM-MSCs (Jin et al. 2013) .
Most recently, to study the effects of hAM-MSCs on the proliferation and differentiation of hBMMSCs, Wang et al. have applied a transwell coculture of hAM-MSCs and hBM-MSCs in basal medium. To monitor hBM-MSCs proliferation, they evaluated 5-ethynyl-2 0 -deoxyuridine (EdU) expression of the cells with immunofluorescence testing. In addition, they examined osteoblastic differentiation and mineralization by ALP activity substrate assays, alizarin red S staining and RT-PCR analysis of early hBM-MSCs osteogenic marker expression (mRNA expression of ALP, Runx2, and Osteocalcin) during cell culturing. They compared all these markers in a co-culture system with single control cultures and concluded that hAM-MSCs can promote proliferation and osteogenic differentiation of BM-MSCs (Wang et al. 2015 (Wang et al. , 2016 .
However, their finding is complicated by the fact that hAM-MSCs per se can differentiate into osteoblasts (Manochantr et al. 2010; Shu et al. 2011; Lindenmair et al. 2012) as the osteogenic capacity was one of the first capabilities being demonstrated for hAMSC (In't Anker et al. 2004; Portmann-Lanz et al. 2006) . Therefore, in our study we decided to directly compare the immunophenotypic characteristics and osteogenic capacity of hAM-MSCs with those of hBM-MSCs. In our study, hAM-MSCs showed morphological characteristics indistinguishable from those of hBMMSCs. In addition, as a general characteristic property for MSCs, their plastic adherences were similar to each other. During expansion, the proliferation rate and viability of hAM-MSCs were not significantly different from hBM-MSCs. We also found the comparable expression of specific antigens of these two MSCs including CD90, CD44, CD166, CD105, CD29 and CD73. Intriguingly, using ALP and alizarin red S staining, either hAM-MSCs or hBM-MSCs differentiation into osteoblasts successfully occurred from day 5 of culturing, which may confirm the appropriate osteogenic capacity of MSCs.
Conclusion
Taken together, our study showed comparable characteristic immunophenotypes between hMSCs originated from amnion membrane and bone marrow. We also revealed that amnion membrane derived MSCs also have osteogenic capacities similar to BM-MSCs. Notably, higher proliferation rate observed for hAMMSCs suggests a shorter culturing time to provide sufficient number of MSCs accessible for different applications. Therefore, amnion membrane-derived MSCs per se can be considered as an easily accessible and reliable source of MSCs especially applicable for bone tissue engineering, regenerative medicine or other therapeutic approaches.
